In Mediterranean countries, water shortage is becoming a problem of high concern affecting the local economy, mostly based on agriculture. The problem is not only the scarcity of water in terms of average per capita, but the high cost to make water available at the right place, at the right time with the required quality. In these cases, an integrated approach for water resources management including wastewater is required. The management should also include treated wastewater (TWW) reclamation and reuse, especially for agricultural irrigation. In Italy, TWW reuse is regulated by a quite restrictive approach (Ministry Decree, M.D. 185/03), especially for some chemical compounds and microbiological parameters. The aim of the paper is the evaluation of TWW reuse potential in Sicily.
INTRODUCTION
Water resources in Europe are currently subject to strong pressures caused by the awareness that water is a limited resource; thus legal and operational instruments must be developed to face these challenges. The Water Framework Directive (WFD) of the European Commission extends the scope of protection to all water uses (EC ). In this direction numerous researches have studied the WFD, either in terms of water management structures in Europe (Dirksen ) , or in terms of the implications of this standard for the agricultural sector (Berbel & Gómez-Limón ) and for irrigation districts (Kallis & Butler ) . The WFD aims to prevent water pollution at source by establishing control mechanisms that guarantee sustainable management of all the sources of pollution. In order to fulfil this aim, TWW coming from civil and agricultural uses must be recycled or returned to nature (Wrigley ) .
In Italy, the restrictive approach for treated wastewater (TWW) reuse in agriculture (Decree of the Italian Environmental Ministry, M.D. 185/03) has led some difficulties in promoting this practice. The Italian standards are overabundant and quite restrictive for some chemical and microbiological compounds. Recent research (Aiello et al. ) has, in fact, evidenced that, although Escherichia coli (E. coli) content of TWW is over the limits set by Italian law, the hygienic quality of the irrigated product is preserved according to the World Health Organization guidelines (WHO ).
Another hampering factor to the development of TWW reuse is related to the total cost (construction, operation and maintenance) required for reclamation, in addition to the cost for water distribution and the monitoring of the whole reuse system. The reclamation cost is sustainable only for medium to large wastewater treatment plants (WWTPs) (>5,000 PE). The restrictive approach of the Italian TWW reuse standards has, in fact, reduced the benefit of reclaiming water and hampered the development of wastewater reuse practices for smaller plants; moreover, several successful reuse activities, operating in small communities of southern Italy inland areas, have to face management and monitoring problems due mainly to the lack of technical knowledge. According to the Italian law (article 12, M.D. 185/2003) , the real costs for recycled wastewater distribution (power, labour, network maintenance, monitoring, etc.) are covered by the final users (farmers, owners of golf courses, etc.), while the additional costs to achieve TWW Italian standards should be covered by the WWTPs holders; thus, the final users of water services should pay an extra cost on the water tariff. In addition, the treatment cost increase could raise conflicts between civil (paying for the treatment) and agricultural (benefiting for TWW reuse) sectors.
The economical sustainability of the agricultural sector in Sicily (southern Italy) has to cope with the availability and management of water resources for irrigation. Crop water requirements are, generally, unfulfilled for relevant percentages and the need to use alternative water sources, like urban TWW, is urgent. Moreover, reusing these discharged effluents can significantly reduce or completely remove the impact of these effluents from receiving environments. In addition, TWW reuse for agricultural irrigation reduces the amount of water that needs to be extracted from environmental water resources. TWW can often contain significant concentrations of nutrients, for example nitrogen and phosphate, that may be used as a fertilizer source when the water is recycled for irrigation.
The study herein presented aims to evaluate the potential of TWW reuse in Sicily by adopting instruments such as a Geographic Information System (GIS), which allows determination and integration of information on irrigation areas, land use changes, wastewater treatments plants (WWTPs) features, wastewater pollution loads, etc. The hypothesis to integrate conventional water sources with urban TWW was examined for selected irrigation areas. In addition, for selected WWTPs, reliable data on bacteriological quality of the effluents were analysed and discussed by comparing the restrictive approach adopted by the Italian legislation for TWW reuse (M.D. 185/03), with the WHO guidelines for risk assessment (WHO ).
In relation to the large monitoring protocol required by the Italian regulation on TWW reuse (where more than 50 parameters must be checked), the final TWW users could be profitably organized as private or public irrigation systems. For example, in Sicily, the 11 irrigation Consortia (managing the most part of the Sicilian irrigation areas) could play a fundamental role to promote TWW reuse due to their legal status (controlled by the Regional Government) and specific abilities.
METHODOLOGY
The study area Sicily, like most areas of the southern Mediterranean shore, is subject to a substantial deficit of annual rainfall which greatly affects the economic sustainability of the agricultural sector. The general decreasing trend for water availability and the need for sustainable use of the available water resources make it essential to find alternative water sources like urban TWW through reuse practice.
The agriculture context in Sicily is supplied by 11 irrigation Consortia that distribute irrigation volumes to 37 districts (as shown in Figure 1 ). Maximum irrigation area is about 180,000 ha, even if water availability decrease has reduced the actual irrigated area to about 70,000 ha. Irrigation volumes are mainly supplied by river systems regulated by artificial reservoirs, which provide a mean annual volume released for irrigation of about 160 × 10 6 m 3 . These data were collected through specific surveys at the irrigation Consortia.
The monitoring campaign carried out in Sicily (Cirelli et al. ) evidenced the potential presence of 523 urban WWTPs, of which 259 are actually in operation, 89 not in operation, 32 abandoned, 47 under construction and 96 just planned by the public administration. Figure 2 depicts the 523 urban WWTPs in the Sicilian territory by evidencing their operation.
The investigated WWTPs serve mainly small and medium communities, with fewer than 10,000 inhabitants. In particular, as evidenced by Table 1 , 49% of WWTPs in operation treat wastewater coming from urban areas with person equivalent (PE) (e.g. evaluated on the basis of the organic load) between 2,000 and 10,000, while more than 60% of the planned WWTPs will serve urban communities smaller than 2,000 PE.
Geographic Information System (GIS) implementation
Nowadays, scientific studies on water management may require a combination of vector data with GIS for updating data. GIS provides the opportunity of an integrated evaluation of graphical (vector) and raster data. In this study, a vector-raster data transformation was successfully implemented in the Sicilian agricultural context. Hydrological data on water basins, land-use, irrigation districts information and WWTPs data were presented as fitted vector data into classified images. A digital elevation model (DEM) of the study area was further implemented on the basis of regional technical maps at 1:10,000 scale. The data-base was built by using vectors and other ground truth attribute data and includes the following main information collected at irrigation district level:
• Maximum irrigation area (ha); • Actual irrigated area (ha); • Mean altitude (m); • V rel : Annual water volumes released for irrigation (10 6 m 3 );
• W req : Annual irrigation requirements (10 6 m 3 ); • Annual water deficit (W req -V rel ) (10 6 m 3 ).
The mean altitude was calculated by means of the GIS analysis as the average altitude of image pixels falling into each irrigation area. For each district, irrigation requirements were derived by the product between the actual irrigated area (ha) and the supplied water volume (m 3 ha À1 ), fixed by the Consortium for each crop during the irrigation season. By comparing water volume availability with irrigation requirements, annual water deficits were determined for the districts.
For each WWTP in operation or under construction, data on location, elevation and annual TWW volume were analysed. In order to consider just significant treatment systems and feasible solutions, WWTPs were selected for effluent reuse if they satisfied the following selection criteria:
• served communities greater than 5,000 PE (corresponding to a flow rate of about 10 L s À1 , considering 150 L PE À1 );
• WWTPs elevation higher than the mean elevation of the nearest irrigation district or TWW lifting (ΔH ) up to 50 m;
• Maximum distance (D) between WWTPs and the nearest irrigation district according to the treated volume, as:
The latter criterion was evaluated by calculating D as the minimum distance on the basis of the morphology and the presence of natural obstacles (lakes, hills, etc.) between WWTP and the nearest irrigation district.
WWTPs having the above mentioned characteristics were thus selected and attributed to the nearest irrigation district to integrate collective irrigation volumes with TWW effluents. The available TWW volumes would then allow filling water deficit conditions and/or enlarging the irrigated areas up to the maximum extent.
Microbial risk assessment evaluation
The assessment and management of the microbial risks to human health caused by wastewater reuse in agriculture are essential to avoid any excessive addition of burden of disease for those who work in wastewater-irrigated fields or consume wastewater-irrigated foods.
The 2006 WHO approach for microbial risks, which is largely based on the quantitative microbial risk analysis (QMRA) procedures used by Mara et al. () , allows a tolerable maximum additional burden of disease to be defined, from which it is possible: (i) to derive tolerable risks of disease and infection; (ii) to determine the required pathogen reductions to ensure that the tolerable disease and infection risks are not exceeded; (iii) to determine how the required pathogen reductions can be achieved; and (iv) to put in place a system for verification monitoring. This approach became possible only after the DALY (disability-adjusted life years) metric was developed and introduced by WHO in 1993. The DALYs index calculates the time lost because of disability from a disease compared with a long life free of disability in the absence of disease. The required degree of pathogen reduction (step (ii) above) can only be determined by QMRA, which was first applied to wastewater reuse in agriculture by Shuval et al. () . QMRA is the keystone of a rational management framework for microbial risk assessment and control in wastewater irrigation based on a multi-barrier approach to risk management. This approach includes both wastewater treatment and post-treatment health-protection control measures and non-treatment options to be used in circumstances where wastewater treatment does not exist and is unlikely to exist in the immediate future. QMRA determines numerical values for health risks which result from particular sets of conditions relating to local practices in using wastewater in agriculture.
To be more specific, the 2006 WHO guidelines used a default value of 1 × 10 À6 DALY loss per person per year (pppy), which is the same as that used in the WHO guidelines on drinking-water quality (WHO , ). Furthermore, the 2006 WHO guidelines considered the following three reference pathogens: rotavirus (a viral pathogen), Campylobacter (a bacterial pathogen) and Cryptosporidium (a protozoan pathogen). Tolerable disease and infection risks for rotavirus, Campylobacter and Cryptosporidium were calculated on the basis of the tolerable maximum DALY loss of 10 À6 pppy, from which a general design value of 10 À3 pppy was chosen for the tolerable risk of rotavirus infection. In fact, the 2006 WHO guidelines showed that the risk of rotavirus infection is higher than those of Campylobacter and Cryptosporidium and thus rotavirus infection risk must be used to assess the safety of wastewater irrigation practice.
QMRA risk estimates are used in the 2006 WHO guidelines to determine the required reduction of the viral, bacterial and protozoan reference pathogens, such that the maximum tolerable DALY loss of 10 À6 is not exceeded. The QMRA-Monte Carlo procedure is illustrated in Table 2 for the consumption of wastewater-irrigated lettuce. The calculation shows that, for the parameter value selected, the required rotavirus reduction from raw wastewater to lettuce ingestion is 6 log units. This total reduction is achieved partially by wastewater treatment and partially by a selection of post-treatment health-protection control measures (i.e. low-cost drip irrigation techniques, pathogen die-off, produce washing and peeling, etc.).
The health risk associated with the use of TWW was analysed for three Sicilian WWTPs located in Siracusa (100,000 PE), Lentini (50,000 PE) and San Michele di Ganzaria (6,000 PE) by following the described DALY tool (WHO ) of Table 2 . Results of the 2006 WHO guidelines application were compared with the restrictive approach adopted by the Italian legislation (M.D. 185/03).
RESULTS AND DISCUSSION
Wastewater reuse potential TWW volume produced by WWTPs in Sicily amounts to 155 × 10 6 m 3 (plants in operation) and 48 × 10 6 m 3 (plant under construction). Total volume available in the short term was therefore about 27% of the irrigation needs of the island, estimated at about 750 × 10 6 m 3 y À1 , taking into account areas served by both collective irrigation, operated by Consortia, and private water sources.
In Table 3 the main characteristics (irrigated surfaces, mean altitude, available water volumes, irrigation requirements, water deficit) of the irrigation districts supplied by collective water distribution networks were reported. Data highlighted that the annual irrigation requirement (W req ) was about 230 × 10 6 m 3 and that most irrigation districts had annual water imbalance, ranging from about 0.1 × 10 6 m 3 (less than 1% of W req ) to 40.5 × 10 6 m 3 (about 60% of W req) (Salso-Simeto district), with a total deficit of about 68 × 10 6 m 3 y À1 .
In Table 4 the irrigation districts that can be supplied by TWW following the selection criteria were reported. In particular, the number of WWTPs for each irrigation district, available effluent volumes, distance of the nearest and farthest WWTP from the district, and TWW lifting of possible network systems (ΔH ) were evidenced.
On the basis of selection criteria, 24 of 37 irrigation areas were eligible to receive TWW from 59 WWTPs. The remaining 13 areas that cannot be served by WWTPs suffered from only 5% of the detected water deficit. The distance between selected WWTPs and irrigation districts varied from zero to 14.5 km, while the maximum ΔH foreseen is 45 m.
Overall, TWW potentially reusable was about 87 × 10 6 m 3 y À1 , while water deficit was 65 × 10 6 m 3 y À1 . In 100-1,000 3.4 × 10 À2 1.1 × 10 À3 2.3 × 10 À5 10-100 3.5 × 10 À3 1.1 × 10 À4 2.3 × 10 À6 1-10 3.5 × 10 À4 1.1 × 10 À5 2.3 × 10 À7 particular, through the use of TWW, 10 districts could cover the deficit and gain a surplus of water resources, eight districts, not already having a deficit, could increase their water availability, and six districts could partially be able to meet water needs (Figure 3 ). Irrigation districts with surplus resources may enlarge their irrigated area or save high quality water for other uses (civil, environmental, etc.) or avoid aquifer overexploitation. However, WWTPs excluded from the present study (due to low TWW volumes or distance from the investigated irrigation districts) can play a fundamental role as private irrigation sources (not included in the Consortia).
Risk assessment analysis
TWW contamination by E. coli varied considerably from null values to 4 × 10 4 CFU 100 mL À1 (for Siracusa and Lentini WWTPs) and to 4 × 10 5 CFU 100 mL À1 (for San Michele di Ganzaria WWTP) during the monitoring (Figure 4) . Only 25 and 14% of samples collected, respectively, at Siracusa and Lentini WWTPs showed E. coli count lower than the current threshold of 10 CFU 100 mL À1 requested by the Italian legislation (M.D. 185/2003) for 80% of samples. For San Michele di Ganzaria WWTP, 30% of samples showed E. coli contamination lower than the current threshold of 50 CFU 100 mL À1 required for 80% of samples in the case of natural treatments. In 2.7, 1.3 and 16% of samples (for Siracusa, Lentini and San Michele di Ganzaria WWTPs, respectively) E. coli contamination was above the value of 10 4 CFU 100 mL À1 ; in these cases, the median design risk for rotavirus infection of 10 À3 pppy (for the unrestricted irrigation scenario of Table 2 ) may be reached by a supplementary 2-3 log units reduction due to microbial die-off between the last irrigation and consumption.
According to WHO Guidelines (), reclaimed wastewater could be used for irrigation by implementing some post-treatment health protection control measures. For example, up to 5 log units of microbial reduction could be achieved by washing the product with clean water, disinfection and peeling. The application of these post-treatment health-protection control measures assures the required log units reduction of E. coli for the tolerable rotavirus infection risk.
In agricultural reuse practice, the risk assessment analysis of TWW must be integrated with control measures aimed to prevent the build-up of biofilm on pipe walls (Tian et al. ) . In fact, the water which has been well treated in WWTP may be subject to microbial contamination during the distribution phase. Biofilm is an inorganic polymer gel composed of microorganisms; it forms when bacteria adhere to a surface in aqueous environments and excrete a slimy glue-like substance that can anchor them to all kinds of materials (plastic, soil particles, metals). Biofilm growing in reclaimed water distribution systems can harbour pathogenic organisms, corrosive organisms or bacteria that degrade the quality of water (Gao ). Also, it hampers the performance and the longevity of the equipment in which it occurs, reduces hydraulic pressure and causes increased friction or complete blockage of pipes.
Factors that contribute to the biofilm formation are the presence of microbial nutrients in the reclaimed water, the characteristics of pipe walls such as roughness, the presence of microbes and physical-chemical quality of the reclaimed water entering the system, including water temperature and pH, low chlorine level in water and the velocity of water.
Options for controlling re-growth include regulating detention time, flushing and optimization of disinfectants (AQAREC ). In particular, water temperature is the most important parameter which influences re-growth processes. E. coli and other coliform bacteria are mesophilic, with growth occurring at 5-45 W C. The maintenance of a chlorine residual in the water is usually recommended to minimize bacterial growth and coliform occurrence. Pipe sections with high water velocity tend to limit microbial protections and reduce sediment accumulation, thus minimizing nutrient entrapment. 
CONCLUSIONS
The present study reports the TWW reuse potential for 11 public irrigation Consortia, supplying water volumes in Sicily. On the basis of selection criteria, 24 out of 37 irrigation areas were eligible to receive TWW from 59 WWTPs. Overall, TWW potentially reusable was about 87 × 10 6 m 3 y À1 , while water deficit was 65 × 10 6 m 3 y À1 . Obviously, by considering each district, deficit or surplus would still exist. The irrigation districts with a resource surplus may extend their irrigated area or save high quality water for other uses or avoid aquifer overexploitation. TWW volumes coming from the excluded 247 WWTPs (about 117 × 10 6 m 3 y À1 ) could be used to irrigate extra areas currently not irrigated, or served by private water supplies. This would represent a fundamental opportunity to improve the agricultural sector, to save fresh water, to preserve the environment and to develop the internal marginal areas of Sicily. Of course, this approach would imply a more accurate study to allocate in a correct way the nonconventional resources.
In addition, the presented study showed that municipal TWW may be successfully used, under specific experimental conditions, to irrigate and grow crops that are normally eaten raw. In particular, the risk assessment analysis, carried out by using the QMRA model according to WHO () procedures, highlighted that by applying post-treatment health-protection control measures (such as product washing, disinfection, peeling and/or the natural pathogen dieoff after last irrigation), the acceptable rotavirus infection risk was generally preserved, although E. coli content of TWW was often over the limits set by the Italian legislation.
However, a risk assessment analysis of TWW for irrigation reuse should include the prevention of the build-up of biofilm in piped network that strongly influences the final water quality delivered to the end user.
Furthermore, in advanced planning, the economic framework should be carefully evaluated in order to select, among different reuse projects, those with greatest potential for success. The economic analysis should include the construction or upgrade of WWTPs in order to match the Italian wastewater reuse standards, the water distribution facilities (i.e. pumping station, pipelines, reservoirs, etc …), the additional costs to reclaim TWW according the reuse standards, and the O&M and monitoring costs of reuse systems. Therefore, because the costs and benefits of reuse projects are very site-specific, in this study these key factors have not been taken into account.
